Serial exploitation comprises a pattern of the human exploitation of wild harvest fisheries, where previously untapped species or locations come under exploitation over both space and time. Unless managed sustainably, serial exploitation can lead to serial depletion of local fisheries, thereby adversely affecting local ecosystems, economies, and communities. Serial depletion is an archetypal problem of the Anthropocene, as its occurrence depends on trade linkages between consumers in one location and suppliers from sometimes geographically very distant fisheries. Invertebrates, especially echinoderms such as sea cucumbers, are subject to serial exploitation that is occurring now on a global scale. We found that the serial depletion of sea cucumbers was consistent with variability in the global mean price for sea cucumbers. When local fisheries are depleted, price tends to rise; a rising price signals previously unexploited fisheries to begin supplying the market. This cycle repeats itself, spreading from the regional to the global scale. Improved understanding of what drives serial exploitation may allow for more successful management of sea cucumber fisheries in the future.
INTRODUCTION
In the Anthropocene, many narratives surrounding global fisheries have been those of decline, depletion, and sometimes despair, prompting investigations into human patterns of the use of marine resources (FAO 2016) . Global fisheries in general have exhibited patterns of expanding fishing pressure and overfishing since the 1950s, yet many signs of depletion within specific taxa or in certain locations have been masked by global and regional reported trends (Pauly et al. 2002 , Srinivasan et al. 2012 . Examining the exploitation patterns of particular fisheries and understanding what drives those patterns may lead to better informed future fisheries conservation and management.
Sea cucumbers are marine invertebrates in the phylum Echinodermata, class Holothuroidea that are subject to a global pattern of serial exploitation (Anderson et al. 2010 , 2011 , Eriksson and Byrne 2015 . Demand for sea cucumbers, which are used principally as luxury food items and for traditional medicine (in the form of "bêche-de-mer"), arises primarily in Asian markets (Bruckner et al. 2003 , Bordbar et al. 2011 , Fabinyi 2011 . In fact, Hong Kong is the primary importer of sea cucumbers, often handling more than 50% of global sea cucumber imports, much of which are subsequently re-exported to markets in surrounding countries (To and Shea 2012, Conand et al. 2014) .
Serial exploitation is a pattern of the progressive human exploitation of natural resources, such as wild-harvest fisheries, where previously untapped species or locations come under exploitation over both space and time. Exemplifying a type of conservation problem unique to the Anthropocene, the serial exploitation of sea cucumbers is just one component of the rapid expansion of invertebrate fisheries around the world in recent decades (Anderson et al. 2010 (Anderson et al. , 2011 . Other invertebrate fisheries that are experiencing serial exploitation or depletion include the abalone fishery along the coast of California (Karpov et al. 2000) , crustacean resources in the Gulf of Alaska (Armstrong et al. 1998) , and fisheries for sea urchins (Berkes et al. 2006 ).
Most sea cucumber fisheries are data-poor. Lack of knowledge about sea cucumber life histories and the biological parameters affecting growth and ecological interactions presents a significant challenge to effective local management (Bruckner et al. 2003 , Toral-Granda et al. 2008 . These fisheries can be very important to developing communities, however, and the extirpation of sea cucumbers from some areas could have very negative local socioeconomic and environmental impacts (Bruckner et al. 2003 , Purcell et al. 2016a .
Bio-economics is a modeling approach that incorporates biological and economic functions and parameters into a joint system of analysis. Employing this kind of methodology could provide insights into the effects of management decisions on the larger global pattern of the serial exploitation of sea cucumbers. The objectives of this study were first to test whether ex-vessel price was a significant driver of the global serial exploitation of sea cucumbers, and second to explore how local management practices potentially could mitigate this global phenomenon.
METHODS

Theoretical model
To show how prices can drive the serial exploitation of natural resources like sea cucumbers, we considered a theoretical situation ( Fig. 1A) where two origin markets supply-in sequence-a single large destination market. Backward-bending supply curves were used to characterize the behavior of the local production of sea cucumbers, thus reflecting general biological population growth relationships of local sea cucumber stocks. These supply curves are reflective of the qualitative consequences in unmanaged local fisheries in which the seafood product becomes increasingly costly -but also increasingly more difficult-to supply as the fishery is overexploited and stocks become depleted.
Begin with the situation where the supply of sea cucumbers from any fisheries geographically near a Destination Market has been depleted ( Fig. 1B) . Where demand for sea cucumbers in the Destination Market remains high, the price for sea cucumbers also remains relatively high (P 1 a ). This price provides an incentive for fishers in a more geographically distant Origin Market 1 to begin harvesting and exporting their sea cucumber yields to the Destination Market. These exports will cause the price of sea cucumbers in the Destination Market to shift down slightly to Ecology and Society 24(4): 35 https://www.ecologyandsociety.org/vol24/iss4/art35/ Fig. 1 . A: Timeline of simplified process of serial exploitation. B: Simple theoretical model of sea cucumber serial exploitation showing how high prices in the destination market provide incentive for additional countries to begin exploiting and exporting sea cucumber products, thus driving the global pattern of serial exploitation.
Ecology and Society 24(4): 35 https://www.ecologyandsociety.org/vol24/iss4/art35/ P 1 b . The sea cucumber stocks in Origin Market 1 eventually also experience depletion, however, leading to limits on that fishery's ability to supply the Destination Market (Q 2 b ). This depletion causes the international price to shift back up to P 1 a . If demand continues to remain high in the Destination Market, now unable to be met by the depleted resources of Origin Market 1, then Origin Market 2 is incentivized to begin harvesting and exporting its sea cucumbers. Thus, the same process of initial exploitation followed by depletion is repeated in another geographically more distant fishery.
This process of dynamic price adjustments and sequential overexploitation of wild sea cucumber stocks in one fishery after another comprises the phenomenon of serial depletion. Importantly, if a particular fishery decides to adopt conservation and management measures to curb local overexploitation, its restrictions on supply to the Destination Market would only perpetuate the price signals from that market, thereby encouraging yet other fisheries to enter and begin exporting. Note that a careful management of a local fishery that leads to the realization of resource rents, such as through a system of taxes or transferable quotas or property right allocations in that local fishery, still could be economically very beneficial to the local fishery's managers (e.g., the government or a cooperative) or to its regulated participants.
Data sources
We used sea cucumber catch and value data for global sea cucumber fisheries from the Sea Around Us Project (SAUP) (Pauly and Zeller 2015) . The taxonomic groups available in the SAUP query platform that we considered were Holothuria atra (lollyfish), Holothira edulis (pinkfish), Holothuriidae (fleshy sea cucumbers), and Holothuroidea (sea cucumbers). Additionally, we obtained records of catch and value for all exploited sea cucumbers combined that were fished in the U.S. west coast states, Washington and California, from the Pacific Fisheries Information Network (PacFIN 2017), and for the state of Maine from the Maine Department of Natural Resources (DMR 2017). All catch types (i.e., reported and unreported) and end uses were combined so that a single data point for each country/area per year was considered in our analysis. All catch data were reported in metric tons (MT). Value of catch data was reported as ex-vessel price, or the price fetched by a fisheries product at its first point of sale. The SAUP value data were reported in 2010 U.S. dollars; value data from other sources were converted to 2010 U.S. dollars using the U.S. Consumer Price Index (BLS 2017). Our investigation considered only fisheries that reported catches of more than 250 MT for more than one year, following inclusion criteria adopted by Anderson et al. (2010) .
The SAUP data provided an advantage over raw landings data from sources such as the UN Food and Agriculture Organization because they included both officially reported catch and reconstructed estimates of unreported catch, thus giving a plausibly more accurate estimate of the true amount of sea cucumber resource exploitation (Pauly and Zeller 2015) . The data we obtained from the Pacific Fisheries Information Network and the Maine Department of Natural Resources did not include estimates of unreported catch, and so provided a less detailed estimate of actual sea cucumber exploitation for those areas.
To visualize the extent and progression of the serial exploitation of sea cucumbers, we used data on fishery start dates from Anderson et al. (2010) and SAUP (Pauly and Zeller 2015) . Start dates from the Anderson et al. (2010) source were adjusted to be at the point where each fishery reached 10% of its peak catch, but the start dates for additional countries from the SAUP source were unadjusted, referencing the first year in which catch was reported from that country/area. Start dates were then mapped in RStudio using Natural Earth vector map data (https://www. naturalearthdata.com/) and the ggmap package of Kahle and Wickham (2013) .
Measures of serial exploitation
We developed two measures of serial exploitation. First, we considered simply the number of countries and areas that reported sea cucumber catch in a given year. With this measure, smaller numbers would indicate relatively less serial exploitation, while larger numbers would indicate relatively more. The second measure incorporated a spatial component. We considered the distance of fisheries participating in the global sea cucumber fishery from the most influential import market, Hong Kong, by calculating the mean great circle distance to Hong Kong from the most populous city in each country or area that reported catch in a given year. This second measure of serial exploitation was inspired by the methods of Anderson et al. (2010) .
Our measures of serial exploitation are rudimentary and reflect neither the true complexities involved with harvesting, processing, and transporting sea cucumbers nor the interaction between local customs and global trends. The first measure of serial exploitation is subject to error due to the data-poor nature of many sea cucumber fisheries, and to differences in fisheries landings reporting around the world. Additionally, it does not incorporate countries/areas that may have once contributed to the global sea cucumber supply but whose resources are now recovered. The second measure is also subject to error because it is quite possible that the most populous city in each area is not a city through which most sea cucumber resources pass. These measures also ignore other dimensions of serial exploitation such as size and species. Even with these drawbacks, we considered these data to comprise the best available informative measures of the serial depletion phenomenon.
Model construction
Our models comprised linear or quadratic relationships between the measures of serial exploitation and different combinations of drivers (predictor variables). The drivers we chose to examine were (1) the mean value per metric ton (VPT) of sea cucumbers for each year of the global sea cucumber fishery, (2) the VPT of sea cucumbers for the previous year, and (3) a time trend comprising years (Year) to model unobserved factors affecting measures of serial depletion. We developed a total of eight regression models (Table 1) to test these relationships. Quadratic transformations of current VPT and VPT lagged one year were included to improve model fit and test for possible diminishing returns to VPT.
RESULTS
Mapping the start dates of sea cucumber fisheries with temporal isoclines can be an effective means of visualizing the progression of the global serial exploitation of sea cucumbers over space and time (Fig. 2) Mean great circle distance X X 2a
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Mean great circle distance X X X We found that variability in observed serial exploitation was explained by our measure of the price (VPT) of sea cucumbers. When price increased, our measures of serial exploitation also increased. Although not all predictors were significant in each model, all models had highly significant F statistics ( Table 2) . Models that included a year term to control for time effects explained significantly more variability in the measures of serial exploitation than those that did not (Models 1a versus 3a: F = 456.63, p << 0.01; 1b versus 3b: F = 269.67, p << 0.01; 2a versus 4a: F = 417.14, p << 0.01; 2b versus 4b: F = 288.3, p << 0.01). Both VPT and one-year lagged VPT explained similar amounts of variation in serial exploitation (Table 2) . Model 4a is preferred because it allows for the most intuitive interpretation; in this model, the entry of new sea cucumber fisheries is explained by price increases in the previous year (Fig. 3) . 
DISCUSSION
Characterizing the economic geography of serial exploitation may allow for a more complete understanding of patterns of exploitation for sea cucumbers by providing insights into specific drivers of the phenomenon. The data revealed increasing trends in both serial exploitation measures: (1) the number of countries/ areas in the global fishery in a year, and (2) the mean distance from Hong Kong of sea cucumber fisheries participating in a year (Fig. 4) . After accounting for these factors, the models explained observed variation in the entry of fisheries into the world market as a function of increasing sea cucumber price.
Notably, the highest levels of value did not correspond with the largest measures of serial exploitation (Fig. 3) . A quadratic term for price leads to an improved model fit, but the entry of fisheries appeared to decline at very high levels of price, indicating first diminishing returns, followed by decreasing returns to serial depletion. One explanation for the diminishing returns would be that, at any point in time, there is a limit on the number of possible new entrant global sea cucumber fisheries; despite increases in value providing incentives for the opening of new fisheries, there may be logistical and other cost-related barriers to the opening up of new sea cucumber fisheries. When considering the mean distance from Hong Kong as a measure of serial exploitation, there is also a natural limit within the geographic confines of the planet. Our models cannot answer these questions. A potential improvement on the mean distance measure of serial depletion may be to quantify the mean travel time of sea cucumber products from origin markets to a primary destination market such as Hong Kong. Incorporating the costs of transportation would provide a more detailed picture of market mechanics.
Despite the improvements of the SAUP data set over other data sources such as the UN Food and Agriculture Organization fisheries export data, our data most likely did not capture the entire extent of global sea cucumber trade (Pauly and Zeller 2015) . Many countries or areas report sea cucumber catch as a collective catch of "other invertebrates" or "echinoderms" rather than as a distinct product class (Toral-Granda et al. 2008) . Further, we were unable to locate catch data from all countries included in the start date data set from Anderson et al. 2010 .
Management issues
Nonetheless, by improving our understanding of what drives the serial exploitation of sea cucumbers through these models, we may be able to identify management tools that could offer solutions to serial depletion. Further, advances in knowledge about sea cucumber species biology could increase the usefulness of bio-economic models, such as the one developed by Conrad et al. (2006) for the Galapagos sea cucumber fishery, for guiding local management and policy decisions. Some potential approaches to slowing or disrupting the pattern of serial exploitation include encouraging management practices that maximize local economic outcomes, developing global cooperation within sea cucumber conservation approaches, and exploring the potential of demand-side controls such as green labeling for sea cucumber products.
Given our simplified theoretical trade model, we can look at how implementing local management of no-take of sea cucumbers in a local fishery could still lead to the acceleration of the pace of new entry into the international sea cucumber trade. Considering the scenario in Fig. 1 , if Origin Market 1 were to implement a policy of no-take of sea cucumber products prior to the development of a fishery that exports to the world market, this would effectively create a situation of reduced supply to the market similar to the situation where the Origin Market's sea cucumber stocks had been depleted. One difference is that such management would preclude any delay in the reduction of supply that occurs as a fishery undergoes its own depletion. This observation suggests that there may be a need for the world's fisheries to align their management on a global scale, even for fisheries within exclusive economic zones.
One place to begin such a global cooperation could be the listing of sea cucumber species with the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES). As discussed by Bruckner et al. (2003) , however, official listing would necessitate further scientific advances in the understanding of sea cucumber taxonomy and biology, as well as the post-Ecology and Society 24(4): 35 https://www.ecologyandsociety.org/vol24/iss4/art35/ processing identification of species characteristics. In addition to global cooperation, if individual fisheries (at national or regional levels) were to manage sea cucumber stocks to maximize economic outcomes, it could help ensure the sustainability of both the socioeconomic systems that rely on sea cucumber fisheries and the relevant sea cucumber stocks.
The development of a system of eco-labeling (green labels) for sea cucumber products comprises a potential "demand-side" approach to management. Green labels communicate unobservable information about the sustainability of a product to consumers. They aim to create market-based incentives that encourage producers to provide environmentally friendly goods (Reczkova et al. 2013 ). This form of management could take some time to develop, as Asian consumers at present may be unwilling to pay a premium for consumption on the basis merely of sustainable production. Further, it is not obvious how the sustainability of wild-harvest sea cucumbers would be ensured without some method of ensuring effective local management. Potentially, the emerging interest in the marine aquaculture of sea cucumbers could be a place to start with eco-labeling. In theory, such "farm-raised" sea cucumbers would displace supplies from wild stocks, thereby helping mitigate serial depletion.
CONCLUSION
The ex-vessel price of sea cucumber products drives the serial exploitation and consequent depletion of sea cucumbers, which adversely affects local marine environments on a worldwide scale. Thus, serial depletion is the consequence of patterns of international trade arising in the Anthropocene, which makes it an archetypal example of human modifications of the environment at levels that are clearly unsustainable. Potential policy solutions to this widespread problem can be identified, but practical implementation issues make the problem of the serial depletion of sea cucumber fisheries one that appears likely to become irrevocable without enduring shifts in consumer preferences for sustainable seafood.
